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Abstract
Despite intensive research for decades, the trapping mechanism in the core complex of purple bacteria is still under
discussion. In this article, it is attempted to derive a conceptionally simple model that is consistent with all basic experimental
observations and that allows definite conclusions on the trapping mechanism. Some experimental data reported in the
literature are conflicting or incomplete. Therefore we repeated two already published experiments like the time-resolved
fluorescence decay in LH1-only purple bacteria Rhodospirillum rubrum and Rhodopseudomonas viridis chromatophores with
open and closed (Q3A) reaction centers. Furthermore, we measured fluorescence excitation spectra for both species under the
two redox-conditions. These data, all measured at room temperature, were analyzed by a target analysis based on a three-
state model (antenna, primary donor, and radical pair). All states were allowed to react reversibly and their decay channels
were taken into consideration. This leads to seven rate constants to be determined. It turns out that a unique set of numerical
values of these rate constants can be found, when further experimental constraints are met simultaneously, i.e. the ratio of the
fluorescence yields in the open and closed (Q3A) states Fm/FoW2 and the P
H3-recombination kinetics of 3^6 ns. The model
allows to define and to quantify escape probabilities and the transfer equilibrium. We conclude that trapping in LH1-only
purple bacteria is largely transfer-to-the-trap-limited. Furthermore, the model predicts properties of the reaction center (RC)
in its native LH1-environment. Within the framework of our model, the predicted PH3-recombination kinetics are nearly
indistinguishable for a hypothetically isolated RC and an antenna-RC complex, which is in contrast to published
experimental data for physically isolated RCs. Therefore RC preparations may display modified kinetic properties. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
The core of the photosynthetic unit of purple bac-
teria consists of a reaction center (RC) surrounded
by a light harvesting complex (LH1) (for review see
[1]). Two di¡erent trapping mechanisms in the LH1-
RC core complexes of purple bacteria are currently
discussed. These are (1) the transfer-to-the-trap-lim-
ited and (2) the trap-limited (or RC-controlled)
mechanisms. The trapping process is said to be trans-
fer-to-the-trap-limited if the transfer from the anten-
na to the primary donor is rate-limiting and trap-
limited if the primary charge separation in the RC
is rate-limiting. On the one hand, there is kinetic and
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structural evidence in favor of transfer-to-the-trap-
limited mechanism which has been reviewed by sev-
eral authors [2^4] and on the other, the RC-con-
trolled trapping mechanism has been suggested by
Mu«ller et al. [5] and Borisov [6].
The ring-shaped arrangement of the antenna bac-
teriochlorophylls (BChl) molecules at a distance of
42 Aî around the RC intuitively suggests the trans-
fer-to-the-trap-limited mechanism [1,7]. However, the
similar absorption maxima of LH1 and the primary
donor (P) in connection with the abundance of B880
antenna pigments argues for a much faster backward
than forward transfer, suggesting a high escape prob-
ability towards the antenna for an exciton residing
on P. In the case of Rhodopseudomonas viridis the
absorption maximum of the antenna (1015 nm) is
even more red than that of P (980 nm [8,9]) suggest-
ing an even higher escape probability. The matter is,
however, more complicated due to the competitive
fast decay channel for P*, the primary charge sepa-
ration, and clari¢cation requires a quantitative anal-
ysis.
In chromatophores of di¡erent purple bacteria
with open RCs, the escape probability seems to be
small, but also higher escape probabilities have been
reported: speci¢cally for Rhodopseudomonas sphaer-
oides R26, Rsp. viridis, Rhodospirillum rubrum and
Chromatium tepidum 9 2% [10], for a LH2-less mu-
tant of Rhodobacter capsulatus 15 þ 10% [11], for
Rps. viridis 50% [12], 20 þ 5% [13] and 9 2% [8], for
Rs. rubrum 25 þ 5% [14], and for Chromatium minu-
tissimum 10^20% [15]. These data do not allow to
derive a clear picture. Unfortunately, di¡erent de¢-
nitions of the term ‘escape probability’ have been
used in the literature, and the escape probability in
reduced systems (LH1-RC(Q3A)) has not yet been
considered. Therefore, the quantitative analysis of a
comprehensive, but simple model is needed to decide
on the escape probabilities and trapping mechanism.
The results from time resolved measurements are
similarly confusing. Dominating phases in the £uo-
rescence decay and absorption change kinetics from
various LH1-only purple bacteria with open RCs
range from 50 to 82 ps [12,14,16^21], whereas with
closed (Q3A) RCs the decay is biphasic with again a
60^90 ps phase and aW2 ns phase [14,18,20,22]. The
time constant of the fast phase is usually considered
to represent the trapping time. A dependence of the
trapping time on the redox state (open or closed
(Q3A)) of the RC has been reported for Rb. sphaer-
oides [5], Rs. rubrum [22] and Rsp. viridis [12]. This
would argue for the RC-controlled mechanism. An
independence of the trapping time of the redox state
(open or closed (Q3A)) has been reported for Rsp.
viridis [23] which argues for the transfer-to-the-trap-
limited mechanism.
An exhaustive analysis of the kinetic data should
include other experimental facts. For example, the
well established ratio of £uorescence yields for chro-
matophores or membranes with closed (Q3A) and
open RCs of approximately two [24,25] must be
met. Also the escape probabilities as assayed by £uo-
rescence excitation spectra must be correctly pre-
dicted, as well as the PH3-recombination kinetic.
Furthermore, the dependence of the charge separa-
tion time on the redox-state of the RC (2.3^3.5 ps for
open [26^28] and about 6 ps for closed (Q3A) [29]) has
also to be taken into account.
A possible source of these partially con£icting ex-
perimental data might be di¡erent properties of the
RC embedded in either natural membranes or in
detergent micelles. Di¡erent PH3-recombination ki-
netics in chromatophores and RC preparations have
been published [30,31]. As a possible cause the au-
thors propose the presence or absence of antenna
pigments. The e¡ect may be based on two di¡erent
mechanisms: one possibility is the additional decay
path due to e⁄cient exciton backtransfer to the an-
tenna. A second possibility is an in£uence of the LH1
complex on the energetics (vG0) of primary charge
separation [32].
To clarify some of the experimental inconsistencies
we re-measured the £uorescence decay kinetics and
£uorescence excitation spectra of two LH1-only pur-
ple bacteria, namely Rs. rubrum and Rps. viridis, in
two redox-states. The aim of the present study is to
¢nd a minimal model that is able to account for
these data as well as for the ratio of £uorescence
yield Fm/Fo [24,25] and the PH3-recombination ki-
netics [30,31], using the latter as constraints. The
constraints allow to determine all rate constants of
the model.
A mathematical exact de¢nition of the escape
probability requires a model or kinetic scheme. Our
minimal model o¡ers the possibility to quantify dif-
ferent conceivable escape probabilities for Rs. rubrum
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and Rsp. viridis. The experimental meanings and the
practical advantages of the di¡erent de¢nitions will
be discussed.
We conclude that trapping in LH1-only purple
bacteria is essentially transfer-to-the-trap-limited.
2. Materials and methods
Rs. rubrum and Rsp. viridis were anaerobically cul-
tured according to Drews [33] and chromatophores
were prepared according to Otte et al. [10]. The chro-
matophores or membranes were diluted in 10 mM
Tris, pH 7.4 for Rs. rubrum and pH 8.0 for Rsp.
viridis. To keep all RCs open 20 WM TMPD (Rs.
rubrum) or 50 WM TMPD (Rsp. viridis) together
with 10 mM ascorbate were used. The quinone ac-
ceptor QA was reduced by 10 mM dithionit.
Fluorescence decay kinetics measurements were
performed with an analog single-shot detection de-
vice described by Trissl and Wulf [34]. The excitation
source was a Nd-YAG laser emitting 30 ps pulses at
532 nm. All kinetic traces were the average of 20
events collected at a repetition rate of 0.3 Hz. The
absorption in the 0.1 mm cuvette for Rs. rubrum at
900 nm was 0.28, for Rsp. viridis at 1040 nm 0.113.
The £uorescence from Rs. rubrum was detected in the
range of 770^1100 nm and from Rsp. viridis in the
range of 1000^1100 nm. The kinetic data were ana-
lyzed by convoluting the kinetics calculated for a
three-state model with the response function of the
apparatus and minimizing the sum of the squared
residuals by varying the parameters of the model
under the condition of meeting other experimental
constraints. The response function was obtained by
recording the 0.5 ps £uorescence decay kinetics from
purple membranes.
Fluorescence excitation spectra were measured
with a custom-built setup. The excitation source
was a 20 Ws Xenon £ash operated at a repetition
rate of 1 Hz. The excitation light was passed through
a long-pass ¢lter (OG 550) before it entered a mono-
chromator (Spex) with a Blaze-wavelength of 750
nm. The slit widths were 1.25 mm at the entrance
and exit. A cuvette with an inner sectional area of
2U10 mm was used (10 mm at excitation, 2 mm at
emission). The £ash energy at 600 nm was approx-
imately 4U1038 J/cm2 at the front of the cuvette.
This corresponds to approximately 2U1034 hits per
PSU. The absorption of Rs. rubrum at 900 nm was
0.09, and that of Rsp. viridis membranes at 1040 nm,
0.07. The emission was detected at 930 þ 5 nm for Rs.
rubrum and at v1000 nm for Rsp. viridis under an
angle of 90‡ with an Avalanche Photodiode (EGpG;
model C30626E).
Absorption spectra were measured with an SLM-
Aminco DW2000 spectrophotometer equipped with
a Si-avalanche photodiode as detector.
All measurements were performed at room tem-
perature.
3. Results
3.1. The model used for analysis
To describe the essentials of the trapping process
in the PSU of LH1-only purple bacteria with either
open or closed (Q3A) RCs we tested a minimal reac-
tion scheme (Scheme 1) consisting of three states: (1)
the excited state on one of the antenna pigments A*;
(2) the excited state on the primary donor P*; and
(3) the radical pair state RP. Y stands for the charge
stabilized state (or product yield) in open RCs. Non-
photochemical losses in the antenna and on the pri-
mary donor are accounted for by the same rate con-
stant kI. Excitons can travel back and forth between
A and P with the rate constants for trapping kt and
detrapping kÿt. These two rate constants describe a
photophysical process that, for obvious reasons, is
independent of the redox state of QA. The charge
separation occurs with the rate constant k1, the back-
reaction (radiative charge recombination) with ko;c31 in
the open and closed states. The radical pair decays
radiationless with the rate constant kd. This rate con-
stant accounts for the transition into the ground
state and the 3P triplet state. The contribution of
the latter is small [35] and will not further be dis-
cussed. The product Y (PQ3A) in the open state is
Scheme 1.
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assumed to be irreversibly formed with the rate con-
stant k2. For the closed (Q3A) state Y is not formed
(k2 = 0). Open and closed (Q3A) RCs di¡er by the rate
constant for charge separation ko;c1 and the presence
or absence of the charge stabilization step (k2). All
other reaction paths and rate constants are set the
same for the open and closed (Q3A) state (Scheme 1).
The rate constant kI includes all other deactivation
processes than the indicated ones (like the emission
by £uorescence krad). We assumed krad of A and P to
be the same, if not otherwise stated. The mathemat-
ical treatment of the scheme and the various solu-
tions are given in the Appendix A.
3.2. Fluorescence decay kinetics
Fig. 1a and b show £uorescence signals (dots)
from chromatophores of Rs. rubrum with open and
Fig. 1. Fluorescence signals (dots) from chromatophores of Rs. rubrum (a,b) and Rps. viridis (c,d) recorded on di¡erent time bases as
indicated. Signals for open RCs always lie below signals for closed (Q3A) RCs. The response functions are indicated by short dashes.
Beneath each £uorescence signal are shown the residuals of best ¢t curves (solid lines) and the data. The upper residuals refer to the
open state and the lower ones to the closed state. The best ¢t parameters are listed in Tables 1 and 2.
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closed (Q3A) RCs acquired on di¡erent time bases.
These signals result from the exponential £uores-
cence decay kinetics convoluted by the detector re-
sponse function (Fig. 1a^d, short dashes). Also
shown are the ¢ts (solid lines) to the signals. In the
lower parts each ¢gure contains the residuals of the
¢ts that were obtained with the parameters listed in
Tables 1 and 2. The signals from Rsp. viridis mem-
branes (Fig. 1c,d) were analyzed analogously.
The kinetic traces in Fig. 1 for Rs. rubrum were
¢tted by a target analysis [36] which took into ac-
count the constraints Fm/FoW2 [24] and PH3-re-
combination kinetics of about 5 ns as in Rb. sphaer-
oides [30]. We used for ¢tting directly the molecular
rate constants of the model depicted in Scheme 1.
The rate constants for trapping, kt, charge recombi-
nation to P*, ko;c31, and radiationless charge recombi-
nation, kd, were ¢t parameters, whereas the rate con-
stants for antenna losses, kI, and primary charge
separation, ko;c1 , the antenna size (NA), the number
of BChls forming the primary donor (NP), the ab-
sorption maxima of the antenna, (VmaxA ), or P, (V
max
P ),
and their Stokes shifts SA and SP were ¢xed. Their
values (see Table 1) were taken from the literature:
kI = (700 ps)31 [37], ko1 = (2.4 ps)
31 [26^28],
kc1W0.5Wk
o
1 [29], NA = 32 [7,38], V
max
A = 881 nm,
VmaxP = 880 nm, SA = 200 cm
31 and SP = 550 cm31
[39]. The values of the ¢t parameters (see Table 2)
that described reasonably well the kinetic data and
ful¢lled the constraints are: kt = (69.3 ps)31,
k3t = (24.2 ps)31, kc31 = (0.9 ns)
31, k2 = (220 ps)31,
kd = (5.7 ns)31. The value for ko31 can be varied with-
in a factor of two with respect to kc31 without mark-
edly e¡ecting the residuals. Dropping the constraints
in the analysis of the kinetic data leads to improved
residuals.
In the case of Rps. viridis membranes (Fig. 1c,d)
with solely open RCs the target analysis with Scheme
1 gave unsatisfactory ¢ts of the kinetics. Satisfactory
¢ts could only be obtained under the assumption
that a fraction of RCs was closed or had an unoccu-
pied QA binding site. The theoretical curves in Fig.
1c and d were calculated with 75% open and 25%
closed RCs. This fraction seems neither to depend on
the redox-conditions nor on the repetition rate used
for data accumulation. However, we made the obser-
vation that in whole cells of Rps. viridis the fraction
of closed RCs needed for good ¢ts was smaller than
in membrane preparations.
3.3. Fluorescence excitation spectra
The £uorescence excitation spectra of Rs. rubrum
and Rps. viridis when all RCs are open and when the
Table 1
Assumed parameters for the model calculations taken from the literature
Rs. rubrum Rsp. viridis
No. of antenna BChl NA 32 24
No. of primary donor BChl NP 2 2
Absorption maximum of antenna VmaxA 881 nm 1013 nm
Absorption maximum of primary donor VmaxP 880 nm 980 nm
Stokes shift of antenna SA 200 cm31 200 cm31
Stokes shift of primary donor SP 550 cm31 550 cm31
Rate constant of primary charge separation in open RCs ko1 (2.4 ps)
31 (2.4 ps)31
Rate constant of primary charge separation in closed RCs kc1 (4.8 ps)
31 (5.0 ps)31
Rate constant for antenna losses kI (700 ps)31 (700 ps)31
Table 2
Fit parameters resulting of the target analysis of the kinetic data in Fig. 1 and the constrains Fm/FoW2 and the charge recombination
time of 5.0^5.4 ns for Rs. rubrum and 2.8 ns for Rsp. viridis
Rs. rubrum Rsp. viridis
Rate constant of exciton transfer antenna-primary donor kt (69 ps)31 (52 ps)31
Rate constant of backreaction for closed RCs kc31 (900 ps)
31 (1.5 ns)31
Rate constant of charge stabilization k2 (220 ps)31 (230 ps)31
Rate constant of decay of the radical pair kd (5.7 ns)31 (3.15 ns)31
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¢rst quinone acceptor is reduced (closed Q3A) are
shown in Fig. 2a,b (thick dots). The £uorescence ex-
citation spectra were not normalized in order to il-
lustrate the change in the relative quantum yields in
response to the di¡erent redox states. Also shown are
the one minus transmission (13T) spectra (dotted
curves) which were scaled to ¢t the £uorescence ex-
citation spectra. The ratios of the scaling factors be-
tween the open and closed states were 1.9 for Rs.
rubrum and 1.8 for Rps. viridis.
In the case of Rs. rubrum the RC absorption band
at 800 nm (ascribed to the accessory BChls) is practi-
cally lacking in the £uorescence excitation spectra
when the RCs are open (Fig. 2a, lower spectrum).
This ¢nding, which is in agreement with Otte et al.
[10], indicates a small escape probability. However,
with closed (Q3A) RCs the RC band is very pro-
nounced (Fig. 2a, upper spectrum), indicating a
high escape probability. To quantify the observation
we split the (13T) spectrum into an antenna part
and the naked RC (Gaussian band at 800 nm) and
used the escape probability po;cesc de¢ned by Eq. A5c,
which applies for the total £uorescence yield, i.e. the
measured quantity. The escape probabilities (quoted
in Table 3) were calculated for open and closed RCs
with the parameters in Tables 1 and 2. They are then
used as amplitude factors for the RC band which is
added to the pure antenna spectrum. The resulting
theoretical spectra (open/closed) are shown in Fig. 2
as ¢ts (solid lines). It is worth noting that the RC
band of the (13T) spectrum is still larger than the
excitation spectrum under reducing conditions which
indicates an escape probability of less than 100%.
The situation is signi¢cantly di¡erent for Rsp. vir-
idis. Here the RC absorption band at 830 nm is
rather pronounced in the £uorescence excitation
spectra when the RCs are open (Fig. 2b, lower spec-
trum), indicating a rather high escape probability.
This ¢nding is in striking disagreement with Otte et
al. [10], who found this band totally lacking. A pos-
sible explanation could be the establishment of a
di¡erent redox state (P960) in the experiments by
Otte et al. due to the approximately 100-fold stron-
ger illumination compared to the one used here.
Fig. 2. Fluorescence excitation spectra of (a) Rs. rubrum and (b) Rps. viridis in two redox-states of the RC (open (circles) and closed
(Q3A) (squares)). The spectra are not normalized to show the ratios of £uorescence yields which were 1.9 for Rs. rubrum and 1.8 for
Rps. viridis. (13T) spectra (small dots) corresponding to these ratios are shown for comparison. Theoretical £uorescence excitation
spectra (solid lines) were calculated as described in Section 3 using the escape probabilities given in Table 3.
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When the RCs were closed (Q3A) the RC absorption
band increased considerably (Fig. 2b, upper spec-
trum), indicating a still higher escape probability.
This ¢nding would agree with the reported excitation
spectra for Rps. viridis [10], which were measured at
6 K. The solid lines in Fig. 2b represent the calcu-
lated excitation spectra with the escape probabilities
listed in Table 3. These spectra agree well with the
measured spectra. Under reducing conditions, the
RC band in the (13T) spectrum is still larger than
the excitation spectrum as it is the case for Rs. ru-
brum.
4. Discussion
To describe the trapping process in the core com-
plexes of purple bacteria, we assumed a simple reac-
tion scheme consisting of only three transiently
formed states and an irreversibly formed product
(Scheme 1). One parameter set was searched that is
able to predict the measured quantities: (1) £uores-
cence decay kinetics; (2) £uorescence excitation spec-
tra; (3) ratio of £uorescence yields with open and
closed (Q3A) RCs; and (4) the P
H3-recombination
kinetics. A unique solution of the parameters was
found (Tables 1 and 2) that ful¢lled all constraints.
We will ¢rst discuss the choice of the parameters
used with reference to the literature and then draw
some general conclusions on the escape probability
and the trapping mechanism in the core complexes of
purple bacteria.
4.1. Choice of ¢xed parameters
The antenna size of Rs. rubrum was assumed to be
NA = 32 [7,38] and the absorption maximum was
measured at VmaxA = 881 nm. For Rsp. viridis, NA
was assumed to be NA = 24 [40] and the absorption
maximum was measured at VmaxA = 1013 nm.
We assumed the absorption maximum of the pri-
mary donor of Rs. rubrum to lie at 880 nm (Table 1).
The primary donor of Rps. viridis, however, com-
monly called P960 after its IR absorption band in
RC preparations, shows the main bleaching due to
the oxidation of the primary donor in membranes at
980 nm [8,9], and we have chosen this wavelength for
the model calculations.
The following Stokes shifts of the £uorescent
states were taken: for the antenna pigments of
both bacteria SA = 200 cm31 (as follows from the
wavelength maxima of absorption and £uorescence),
and for the primary donor of both RCs types
SP = 550 cm31 [39,41].
The primary charge separation in open RCs was
assumed to proceed monoexponentially with a rate
constant of (2.4 ps)31. Published time constants
range from 1.9 to 5.1 ps [26^28,42^45]. The primary
charge separation in closed (Q3A) RCs was assumed
to be about two-fold slower [29].
The rate constant of charge stabilization in open
RCs was chosen k2 = (220^230 ps)31 which is in the
order of published values which fall within the range
of (125^240 ps)31 [19,21,23,28,46,47].
The rate constant for non-photochemical losses,
kI, was chosen to be (700 ps)31 [37]. Unfortunately,
there is no reliable information on the most realistic
value. Several other numbers have been used in the
literature, ranging from (640 ps)31 to (2.3 ns)31
[26,48]. However, the results of our analysis did not
change signi¢cantly when this parameter was de-
creased to (1.1 ns)31.
The other rate constants not mentioned in this
section were adjustable ¢t parameters to our data.
4.2. Trapping times with open and closed (Q3A ) RCs
A wide range of trapping times in chromatophores
or membranes of purple bacteria have been reported
[12,14,16^22]. We shall ¢rst discuss the BChl b-con-
taining Rps. viridis and next the BChl a-containing
Rs. rubrum.
The shortest trapping times of 40^45 ps have been
deduced from photovoltage measurements on Rsp.
viridis and have been reported to be independent of
the reduction state [23,46]. In contrast, redox state
dependent trapping times of 60 ps in the open and 90
ps in the closed (Q3A) state have been observed by
low intensity picosecond absorption spectroscopy
[12]. The origin of this discrepancy is most likely
due to high intensity excitation in the former experi-
ments which speeded up the kinetics. Our data in
Fig. 1 obtained by £uorescence decay analysis (exci-
tation intensity of 9 0.1 excitons per PSU) displayed
a 69-ps kinetic phase in the open state and a 91-ps
kinetic phase in the closed (Q3A) as predicted by the
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target analysis (Table 4). These numbers agree rea-
sonably well with the picosecond absorption data
[12].
There are several other reports on Rps. viridis in
which biphasic decays with components in the range
of 50^500 ps were measured. We do not discuss these
results because it remains unknown whether those
samples contained a mixture of open and closed
RCs and additionally also RCs in two di¡erent
closed states (Q3A and P
).
In this context, we note that our parameter sets for
both bacteria in the open state predict, in addition to
the trapping time, a 210^220-ps phase with 9 3%
amplitude (Table 4), which is related to the charge
stabilization step. In the case of chromatophores
with closed (Q3A) RCs our parameter set predicts
one phase that falls into the 50^500 ps time domain
(Table 4). Therefore, in the open as well as in the
closed state the £uorescence decay should be essen-
tially monoexponential, given a well-de¢ned redox
state and a homogeneous sample.
The dependence of the trapping time on the redox
state is a direct consequence of the di¡erent rate of
the primary charge separation in the RC, ko;c1 , which,
according to the literature, was assumed for both
species to be two-fold slower in closed than in
open RCs [26^29].
In contrast to Rps. viridis, the trapping kinetics in
Rs. rubrum did not signi¢cantly depend on the redox
state of the RC: here the phases were nearly the
same with 68 vs. 73 ps (Table 4). This is in contrast
to Borisov et al. [22] who found a trapping time of
about 60 ps for the open state and about 80 ps in the
closed (Q3A) state. Faster trapping times reported in
the literature [16,17] may be explained by too high
excitation densities leading to an accelerated trapping
and also to annihilation [49]. The small in£uence of
ko;c1 on the overall trapping time in Rs. rubrum found
by us is totally consistent with the weak dependence
of the trapping time on the primary charge separa-
tion in RC mutants of Rb. sphaeroides [37].
The molecular rate constant for exciton transfer
from the antenna to the primary donor (Table 2)
are 69 ps for Rs. rubrum and 52 ps for Rsp. viridis.
These numbers agree perfectly with theoretical calcu-
lations for the ring-shaped LH1-RC by Ritz et al.
[50].
4.3. Detrapping with open and closed (Q3A ) RCs
The rate constant for detrapping k3t is directly
related to the rate constant for trapping by the en-
ergetic Boltzmann term and the entropic degeneracy
term for the states (Eq. 1) and therefore k3t is no ¢t
parameter, but belongs to the derived quantities (Ta-
ble 2). The detrapping rate is given by:
Table 3
Derived quantities from the parameters in Tables 1 and 2
Rs. rubrum Rsp. viridis
Fm/Fo 2.18 2.37
Rate constant of exciton transfer primary donor-antenna k3t (24.2 ps)31 (4.6 ps)31
Escape probability poesc 0.140 0.395
Escape probability pcesc 0.659 0.787
Escape probability pPoesc 0.014 0.042
Escape probability pPcesc 0.148 0.200
Escape probability pQ oesc 0.105 0.372
Escape probability pQ cesc 0.571 0.767
Photochemical yield 0.863 0.832
Thermodynamic equilibrium constant K 0.349 0.091
Transfer equilibrium constant (open) Kì o0 0.270 0.076
Transfer equilibrium constant (closed (Q3A)) Kì
c
0 0.378 0.096
AFoP/(
AFoA+
AFoP) 0.035 0.033
AFcP/(
AFcA+
AFcP) 0.166 0.065
PFoP/(
PFoA+
PFoP) 0.277 0.089
PFcP/(
PFcA+
PFcP) 0.277 0.089
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k3t  ktWNANP W e
EP3EA 1
in which NA denotes the number of degenerated an-
tenna pigments and NP the number of pigments con-
stituting the special pair primary donor (NP = 2). The
energy levels EA and EP in Eq. 1 refer to the relaxed
electronic states of the antenna and the primary do-
nor, respectively, which we estimated from the ab-
sorption maximum and the Stokes shifts, SA and SP,
according to:
EA  hcV maxA
3SA 2a
EP  hcV maxP
3SP 2b
Given the input parameters of Table 1, the detrap-
ping rate constant for Rs. rubrum is (24 ps)31 and for
Rsp. viridis (4.6 ps)31. These values are in good
agreement with estimations from the literature which
range from (6.5 ps)31 to (25 ps)31 for di¡erent pur-
ple bacteria [11,14,51]. According to our parameter
set, detrapping is 3-fold (Rs. rubrum) and 11-fold
(Rps. viridis) faster than trapping. Hence, the ther-
modynamic equilibrium lies clearly on the antenna
side. This is also re£ected by the thermodynamic
equilibrium constants of 0.35 (Rs. rubrum) and 0.09
(Rps. viridis) which are signi¢cantly smaller than one
(Table 3). In other words, the residence probability
for an exciton lies on the antenna side if a perfect
equilibration would occur. However, equilibrium
thermodynamics is not the most appropriate ap-
proach to describe the highly dynamic antenna-RC
system.
4.4. Transfer equilibrium
The question arises to what extent the system de-
viates from thermodynamic equilibrium and in what
time the thermal equilibrium would become estab-
lished. Whereas the thermodynamic equilibrium con-
stant is de¢ned by K = kt/k3t, the transfer equilibri-
um constant Kì o;c0 is given by Eq. A7. The time course
with which the transfer equilibrium establishes fol-
lows from the ratio of the time-dependent excited
states on the primary donor and the antenna, A(t)
and P(t) (see Appendix A). Intuitively, the fast de-
population kinetics of P* by the primary charge sep-
aration may lead to a signi¢cantly smaller concen-
tration of P* than predicted by thermodynamic
equilibrium.
The time courses of the ratio of the exciton den-
sities on the primary donor and the antenna are
shown in Fig. 3a for the di¡erent excitation condi-
tions and redox states of the RC taking the param-
eter set for Rs. rubrum. (The ¢gure for Rsp. viridis
looks qualitatively very similar.) The time needed to
establish the transfer equilibrium as predicted by the
model and the rate constants in Tables 1 and 2 is on
the order of a few 100 ps (Fig. 3a). One may notice
fast ps-transients that correspond to the 2 ps phases
listed in Table 4. These are not further discussed
here. The initial excitation condition slightly a¡ects
Table 4
Amplitudes (a1) and (apparent) time constants (d1) of £uorescence kinetics for chromatophores and excitation of the antenna calcu-
lated with the parameters in Tables 1 and 2
a1 d1 (ps) a2 d2 (ps) a3 d3 (ps)
Rs. rubrum open 30.028 2 1.012 68 0.016 214
chromatophores closed 30.048 2 1.032 73 0.016 5050
Rsp. viridis open 30.020 2 0.988 69 0.033 218
membranes closed 30.022 2 0.991 91 0.031 2800
Rs. rubrum open 0.997 2.3 ^ ^ 0.003 212
RCs closed 0.995 4.5 ^ ^ 0.005 5501
Rsp. viridis open 0.998 2.4 ^ ^ 0.002 215
RCs closed 0.997 4.9 ^ ^ 0.003 3114
In the lower two rows the simulated amplitudes and time constants for RCs and excitation of the primary donor are given.
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the kinetics with which the transfer equilibria are
reached. The transfer equilibrium constants depend
on the redox state of the RC, but are independent of
the initial excitation. Both constants deviate mark-
edly from the thermodynamic equilibrium constant
(Fig. 3a and Table 3).
These deviations indicate that the exciton-radical
pair model introduced for PS II does not hold for
purple bacteria, since this model assumes the thermo-
dynamic equilibrium between P* and A*. However,
in the closed state the deviation is less than in the
open state. If this model is still used, as for example
by Gibasiewicz et al. [31], it remains to be shown that
the exciton-radical pair model is a su⁄ciently good
approximation.
Fig. 4. (a) Dependence of the sum of the squared residuals of
the £uorescence signals from Rs. rubrum with open (circles) and
closed (Q3A) (squares) RCs of Fig. 1b on the rate constant of
radiative decay of the radical pair, kc31. The values of the other
parameters (Tables 1 and 2) were held constant. The dash^dot
line indicates the selected value of the ¢t parameter. (b) Depen-
dence of the time constant of PH3 recombination for Rs. ru-
brum with closed (Q3A) RCs on the rate constant of the radia-
tionless decay of the radical pair, kd. The values of the other
parameters (Tables 1 and 2) were held constant. The box indi-
cates the experimental range reported for the recombination
and the resulting range for kd. The dash^dot line indicates the
selected value of the ¢t parameter.Fig. 3. (a) Time course of the ratio of exciton concentration on
P to exciton concentration on A. Horizontal solid line, thermo-
dynamic equilibrium; short dashes, RC in the closed state, exci-
tation of P; dots, RC in the closed state, excitation of A; long
dashes, RC in the open state, excitation of P; solid line, RC in
the open state, excitation of A. The transfer equilibrium de-
pends on the state of the RC: in the open state it is shifted to
the antenna; in the closed state to the primary donor. (b) Radi-
cal pair kinetics in ‘native’ RCs (solid line) and chromatophores
(dashed line) of Rs. rubrum calculated with the parameters of
Tables 1 and 2 as described in the text. Both kinetics are nearly
identical.
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4.5. Quality of the ¢ts
Our experimental data in Figs. 1 and 2 were ¢t
with only three adjustable parameters which are the
rate constants for: (1) trapping kt ; (2) radiative de-
cay of the radical pair kc31 ; and (3) radiationless
decay of the radical pair kd. In a particular type of
experiment, these parameters can compensate each
other within a certain range. However, taking into
account the constraints, the ranges become very
small resulting in a unique set of rate constants
(best residuals and ful¢lling of the constraints) for
each bacterium investigated.
This is illustrated in Fig. 4 for Rs. rubrum. The
dependence of the sum of squared residuals of the
kinetic data (Fig. 1b) on the rate constant of the
radiative decay of the radical pair is shown in Fig.
4a. One can see that this rate constant is only well
determined by the kinetics from the closed state. The
value of kc31 resulting from this minimum (Fig. 4a) is
indicated by the vertical dash-dot lines. Once kc31 is
¢xed, the rate constant for the non-radiative decay
kd is con¢ned by the PH3-recombination kinetic
(5.0^5.4 ns) as shown in Fig. 4b. The analogous ¢g-
ures for Rsp. viridis look similar (not shown).
A closer inspection of the kinetic traces in Fig. 1
reveals that the ¢ts are good, but not perfect. As
already indicated, this is not due to an experimental
insu⁄ciency since better ¢ts could be obtained with
other parameters. However, these then come into
con£ict with the constraints. To explain the small
imperfections in the £uorescence decay kinetics we
suggest that the reaction scheme (Scheme 1) is too
simple. In particular, it does not take into account
multiphasic recombination luminescence due to di-
electric relaxations in the protein matrix [52^55]. Pre-
liminary ¢ts with a reaction scheme extended by one
or two more states (relaxed radical pairs) are capable
to produce signi¢cantly smaller residuals.
The neglection of radical pair relaxations in our
simpli¢ed scheme may explain why our calculated
Fm/Fo values deviate by 10^20% from the measured
ones (see Table 3).
4.6. Escape probabilities
The term ‘escape probability’ is often intuitively
used to quantify the probability of an exciton on
the reaction center to jump back into the antenna
system instead of driving the primary charge separa-
tion. The knowledge of this quantity is of central
importance in understanding the trapping mecha-
nism. However, this de¢nition does not allow for a
quantitative evaluation of £uorescence excitation
spectra.
The escape probability must be independent of
whether the exciton is born on P by direct excitation
or by transfer from a nearby antenna pigment or by
charge recombination. However, for the experimen-
tal determination of this quantity the direct excita-
tion of P is required. In this respect, the escape prob-
ability is known with reasonable certainty only for
those photosystems in which the RC contributes with
a distinct absorption band to the total absorption
spectrum. This condition is given in LH1-only purple
bacteria where the accessory BChls of the RC display
a band at approximately 800 nm for Rs. rubrum or at
830 nm for Rsp. viridis with a height comparable to
the antenna pigment absorption. The deviations of
the £uorescence excitation spectrum from the (13T)
spectrum then contains the information on the es-
cape probability: if, for example, the escape proba-
bility is zero, the RC band is absent in the £uores-
cence excitation spectrum and if the escape
probability is one the £uorescence excitation spec-
trum matches the (13T) spectrum. Based on this
assay, the escape probabilities of Rs. rubrum and
Rps. viridis have been determined to be very small
[10]. In the following, we want to quantify the inter-
mediary cases.
In a strict sense, the escape probability should re-
fer to the physical entity in which the exciton energy
is converted either to a photochemical product or to
heat. According to this understanding, the probabil-
ity pPo=cesc (Eq. A5a) may be de¢ned as the probability
that the exciton gets lost outside the physical unit of
the RC, starting from excitation in the RC. Inde-
pendent of whether the RCs are open or closed,
this probability was calculated to be 6 0.2 for the
two purple bacteria studied (Table 3). Therefore, it is
safe to state that a purple bacterial reaction center
always represents a trap.
Alternatively, an escape probability may be de-
¢ned that refers to the locus of £uorescence emission.
This leads to the ratio of the antenna £uorescence
upon excitation of P to the antenna £uorescence
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upon excitation of A, pQo;cesc (Eq. 4b). This de¢nition is
equivalent to the ratio of the detrapping rate con-
stant to the sum of the rate constants of detrapping
and primary charge separation (Eq. A5b) and has
been used by Freiberg et al. [37]. With the numerical
values of Tables 1 and 2, these escape probabilities
calculate to be pQoesc = 0.11 (Rs. rubrum) and
pQoesc = 0.37 (Rsp. viridis) for the open state and
pQcesc = 0.57 (Rs. rubrum) and pQcesc = 0.77 (Rsp. viridis)
for the closed (Q3A) states. However, this de¢nition
is not useful when the £uorescence spectra of P and
A strongly overlap, as is the case in purple bacte-
ria.
To quantify the £uorescence excitation spectrum
assay one needs a third type of escape probability
which takes into account the £uorescence of both,
antenna and primary donor according to Eq. A5c.
This escape probability, po=cesc , then corresponds to the
experimentally accessible quantities. With the numer-
ical values of Tables 1 and 2 the corresponding es-
cape probabilities are poesc = 0.14 (Rs. rubrum) and
poesc = 0.40 (Rsp. viridis) for the open and p
c
esc = 0.66
(Rs. rubrum) and pcesc = 0.79 (Rsp. viridis) for the
closed (Q3A) state. Our escape probability for Rs. ru-
brum with open RCs of 14% is incompatible with the
25 þ 5% reported by Timpmann et al. [14] and also
our escape probability for Rsp. viridis with open RCs
of approximately 40% is incompatible with the
910% reported by Otte et al. [10], but compatible
with other references [12,56].
In order to examine the in£uence of some of the
assumptions made on the above conclusions we
made computational simulations. First we took into
account the possibility that krad of the P and krad of
A are di¡erent. Choosing a krad of P a factor of two
larger or smaller than krad of A changed the calcu-
lated escape propabilities by less than 20% of the
values given in Table 3.
Second, we took into consideration that also the
accessory BChl (BA) can initiate charge separation
[57,58]. A model calculation with a 4-state kinetic
scheme which included BA as a state was performed.
Taking into consideration ¢nite kinetics from BA*
into P* and/or BA* into radical pair (tested range
of time constants 0^6 ps) leaves the contribution of
the absorption band of BA in the £uorescence exci-
tation spectra below 6 2%. Hence, the 800-nm band
is still below the experimentally detectable level.
Therefore, the above quoted escape probabilities
are not much e¡ected.
Third, we modeled the in£uence of the rate con-
stant for non-photochemical losses of P* on our
analysis. If we use 200 ps [59^63] instead of 700 ps
as the only change the radical pair decay becomes
faster by about 10%. However, the e¡ect can be com-
pensated by a similary small change of the rate con-
stant kd. In summary, this detail neither changes the
quality of the ¢ts nor the conclusions. The only
changes are slightly di¡erent rate constants.
4.7. Photochemical yields
Our parameter set predicts photochemical quan-
tum yields of s 80% for both bacteria investigated.
Although this is a generally accepted value for purple
bacteria, in the case of Rsp. viridis it is in contrast
to reports of about 45% [64,65]. Independent evi-
dence for a high quantum yield in Rsp. viridis is given
by the binary oscillations of the Q3A reoxidation rate
[66] which only occur when the quantum yield is
high.
4.8. Relation of our model to other models
Models similar to ours have been suggested before
[4,11,14,37,67]. However, they were not rigorously
used for data analysis. Either decay paths were ne-
glected or the violation of experimentally well-estab-
lished constraints was not tested.
Theoretically, if detrapping is not negligible, the
molecular time constant for trapping can be signi¢-
cantly di¡erent from the measured decay time con-
stant. In some cases the observed decay times have
been converted into molecular rate constants assum-
ing a particular model. For instance, for Rs. rubrum
Timpmann and colleagues [4,14] concluded from a
69-ps measured decay time on a 35-ps molecular
time constant which is incompatible with our analy-
sis. The reason for this discrepancy is a two-fold
neglection, both of losses from the antenna and of
radiationless decay paths of the radical pair.
4.9. Recombination kinetics
The recombination of the radical pair consist of
two main paths: formation of P* and ground (or
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triplet) state formation. The corresponding rate con-
stants are listed in Table 2. In both bacteria, the
radiative backreaction is signi¢cantly faster than
the radiationless recombination. The rate constant
of the radiative backreaction of the radical pair kc31
is larger for Rs. rubrum (0.9 ns)31 than for Rsp.
viridis (1.5 ns)31, whereas the radiationless recombi-
nation rate constant kd is smaller for Rs. rubrum (5.7
ns)31 than for Rsp. viridis (3.15 ns)31. These data
indicate marked di¡erences between the RCs of
BChl a- and BChl b-containing bacteria.
4.10. Trapping mechanism in purple bacteria
In the transfer-to-the-trap-limited mechanism the
rate-limiting step is the exciton transfer from the an-
tenna to the primary donor, which means that the
backtransfer to the antenna does not compete with
the primary charge separation. The trapping kinetic
is then hardly in£uenced by the speed of the primary
charge separation. On the other hand, if the speed of
the primary charge separation controls the trapping
time one speaks about trap-limited or RC-controlled
energy capture.
In the case of Rs. rubrum, the about two-fold slow-
er primary charge separation in closed RC slows
down the trapping time from 68 to 73 ps (Table 4).
This small 7% e¡ect classi¢es the trapping mecha-
nism in this purple bacterium ^ and probably all
other ones with similar spectral properties ^ to the
transfer-to-the-trap-limited mechanism. In the case
of Rps. viridis, however, the two-fold slower primary
charge separation in closed RCs slows down the
trapping time from 69 to 91 ps (Table 4) or from
60 to 90 ps [12]. This 32% e¡ect (or 50% [12]) clas-
si¢es the trapping mechanism in Rps. viridis to be in
between the transfer-to-the-trap- and trap-limited
mechanism.
4.11. Fluorescence from the primary donor
Our analysis was performed under the assumption
of equal radiative rate constants from the antenna
and the primary donor. The model then predicts
that, independent of the trapping mechanism, the
£uorescence from the primary donor to be smaller
than the £uorescence from the antenna, no matter
whether the excitation occurs in A or P and no mat-
ter whether the RCs are open or closed (Table 3).
Speci¢cally, in the case Rs. rubrum with open RCs
the fraction of £uorescence from P to the overall
£uorescence is 6 0.04 or 6 0.28 depending on exci-
tation in A or P, respectively. In the case of closed
RCs the fraction of £uorescence from P to the over-
all £uorescence is 6 0.17 or 6 0.28, again depending
on excitation in A or P, respectively. In the case of
Rsp. viridis with open RCs the fraction of £uores-
cence from P to the overall £uorescence is 6 0.04
or 6 0.09 depending on excitation in A or P, respec-
tively. In the case of closed RCs, the fraction of
£uorescence to the overall £uorescence is 6 0.07 or
6 0.09, again depending on excitation in A or P,
respectively. If krad of P is di¡erent from krad of A
the £uorescence yields of P change in direct propor-
tion (Eq. A4b). Since krad of P is not known these
results remain correspondingly uncertain.
The lower emission from P* in Rsp. viridis com-
pared to Rs. rubrum when the RCs are closed (Q3A) is
directly related to the higher escape probabilities in
Rsp. viridis. Therefore, the extent of the ‘extensive
energy transfer’ from the reaction center to the an-
tenna in the closed case proposed by Otte et al. [10]
is larger in BChl b containing purple bacteria than in
BChl a containing ones.
4.12. Comparison of native RC and RC preparations
The properties of the hypothetically isolated RC
(‘native’ RC) can be modeled straightforwardly by
omitting the antenna, trapping and detrapping
(Scheme 1). The simulated kinetics of the PH3-re-
combination under reducing conditions for both, ‘na-
tive’ RCs and chromatophores, are shown in Fig. 3b
for Rs. rubrum. The decay kinetics (apparent time
constants of 5.05 ns (chromatophores) and 5.50 ns
(‘native’ RCs); Table 4) of the two traces look very
similar. This is particularly true when the traces are
normalized to their maximum and convoluted with a
1 ns apparatus response function, to simulate real
experimental conditions (not shown). The ¢gure for
Rps. viridis was similar. The apparent decay time
constants were 2.80 and 3.11 ns, respectively (Table
4). The numbers for the chromatophore systems
agree reasonably well with the published values of
about 5 ns from Rb. sphaeroides and 2.8 ns from
Rsp. viridis [30,31]. In summary, the di¡erences in
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decay kinetics between the antenna systems and RCs
do not exceed 10%.
In contrast to the above theoretical predictions,
the experimental kinetics seem to depend signi¢-
cantly on the preparation. In RC preparations, the
charge recombination is found to be in the 5^15 ns
range [52,54], whereas in membranes, it is in the 3^6
ns range [30,31] but only in [30,31] a direct compar-
ison was made. Measurements with chromatophores
of antenna de¢cient strains of Rb. sphaeroides show
that the rate constant of the primary charge separa-
tion is up to 30% slower in detergent preparations
than in chromatophores of the same strain [68]. Two
possible explanations were considered by Gibasie-
wicz and coworkers to explain the di¡erence in the
PH3-recombination kinetics [30,31]: either (1) a
modi¢cation of the RC properties by the detergent
used for the preparation; or (2) the backtransfer of
the excited state to the antenna which makes up the
essential di¡erence between the two samples. Accord-
ing to our model calculations (Fig. 3b), this latter
explanation can be excluded, making the detergent
modi¢cation hypothesis the more likely explanation.
However, there is a third possibility, namely an in-
£uence of the LH1-complex on the RC which results
in a lowered redox potential of the primary donor
[68].
5. Conclusions
A three-state model for the core complexes of pur-
ple bacteria is su⁄cient to account for all main ex-
perimental data. A unique set of the molecular rate
constants involved was determined from the experi-
mentally given constraints. In the framework of the
model (Scheme 1) and the rate constants (Tables 1
and 2) the following conclusions can be drawn:
b The trapping mechanism in Rs. rubrum is transfer-
to-the-trap-limited, whereas in Rsp. viridis, it is
between the transfer-to-the-trap-limited and trap-
limited one.
b The molecular rate constant for trapping is (69
ps)31 for Rs. rubrum and (52 ps)31 for Rsp. viridis.
b The molecular rate constant for the radiative back-
reaction in closed (Q3A) RCs is (900 ps)
31 for Rs.
rubrum and (1 500 ps)31 for Rsp. viridis.
b In closed (Q3A) RCs, the deactivation of the radical
pair into the ground state cannot be neglected. Its
rate constant is (5^6 ns)31 in Rs. rubrum and (3^
3.5 ns)31 in Rsp. viridis.
b The escape probability, as de¢ned by the ratio of
the total £uorescence yields upon selective excita-
tion of P compared to excitation of A, is W14% in
Rs. rubrum with open RCs and W66% with closed
RCs. For Rps. viridis the numbers are W40% and
W79%, respectively.
b The PH3-recombination kinetics in closed (Q3A)
RCs is mainly determined by the radiationless de-
cay of the radical pair. This kinetics are only
slightly dependent on the presence or absence of
antenna pigments.
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Appendix A
Scheme 1 can be described by a set of ODEs
whose rate matrix reads:
T 
3kI  kt k3t 0
kt 3ko;c1  k3t  kI k31
0 k1o;c 3k2  k31  kd


A1
The matrix was solved for the two extreme initial
conditions, namely excitation into the antenna:
z0 
1
0
0

 A2a
and excitation of the primary donor:
z0 
0
1
0

 A2b
where z0 describes the initial exciton density.
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The solution of this set of ODEs consists of a sum
over three exponential functions whose time con-
stants, di, are the reciprocal eigenvalues of the rate
matrix (Eq. A1). The prefactors, ai, follow from the
eigenvectors of the rate matrix (Eq. A1) and the ini-
tial condition (e.g. [69]). This yields the kinetics of
the excited antenna state A(t), the excited primary
donor P(t) and the radical pair RP(t). The overall
£uorescence decay kinetics is proportional to krad
and to the excited state kinetics:
Ft  kradAt  kradPt A3
The overall radiative emission from A* and P*
upon excitation in A for the open and closed (Q3A)
state (AFo;cA ,
AFo;cP ) and the emission from A* and P*
upon excitation in P for the open and closed (Q3A)
state (PFo;cA ,
PFo;cP ) are obtained by integration of A(t)
and P(t), calculated for the particular excitation and
redox conditions:
A;PFo;cA  krad
Z r
0
Atdt; A4a
A;PFo;cP  krad
Z r
0
Ptdt: A4b
The escape probability may be de¢ned di¡erently.
Three de¢nitions shall be inspected in more detail
which all relate to exciton creation in P. First, the
escape probability may be de¢ned as the probability
that the exciton does not get lost anywhere in the
physical unit of the RC. If the total decay probability
is 1:
p0o;cesc  1ÿ kd  k2
Z r
0
RPtdt: A5a
In the case of the closed (Q3A) state, k2 is set to zero.
Second, the escape probability may be de¢ned as
the ratio of the antenna £uorescence upon excitation
of P to the antenna £uorescence upon excitation of A
p00o;cesc 
PFo;cA
AFo;cA
 k3t
k3t  k1: A5b
It can be shown by means of the analytical solutions
for the £uorescence yields that this quotient corre-
sponds to the ratio of the detrapping rate constant to
the sum of the rate constants of detrapping and pri-
mary charge separation.
Finally, a third type of escape probability may be
de¢ned which takes into account both £uorescence
yields:
po;cesc 
PFo;cA  PFo;cP
AFo;cA  AFo;cP
A5c
The equilibration kinetics shall by de¢ned by the
ratio of P(t) and A(t)
~Ko;ct  P
o;ct
Ao;ct A6
and the transfer equilibrium constant follows by
~Ko;c0  ~Ko;c t! r: A7
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